of operation. The -COOH side group has been suggested as a possible anchoring site for biorecognition elements in EGOFET sensors, rendering P3HT-COOH15 a possible candidate for such applications.
Introduction
Presently, there is a tremendous activity to explore organic semiconducting materials because they can be processed from solution at low temperature [1] [2] [3] [4] [5] [6] [7] [8] hence, traditional printing technologies can be adapted to manufacture printed sensors and detectors. Such types of devices represent an important corner stone for applications such as distributed monitoring and medical surveillance. The printed sensors are typically comprised of bio-recognition elements and a signal transducer device; which could e.g. be an organic thin film transistor. The OTFTs typically run either in a field-effect (OFET) or an electrochemical (OECT) mode of operation, i.e. current modulation is due to either charge polarization occurring along the aqueous electrolyte-semiconductor interface or chemical doping occurring within the bulk of the semiconductor channel [1-3, 6, 9-11] . Organic thin film transistors (OTFT) hosting antibodies, peptides or enzymes have been developed for applications in aqueous and physiological media and have been studied extensively in the past [1-5, 7, 12-17] . The bio-recognition elements can be either attached to the surface of the gate in a top-gate configuration ( Figure 1a ) [2-3, 5, 7, 18] ; or on the surface of the semiconductor in a bottom gate structure using a solid insulator layer ( Figure 1b ) [19] [20] [21] [22] [23] .
In a new version of the OTFT sensors, the electrolyte media carrying the analyte, is located between the gate and the semiconducting channel. In other words, the electrolyte serves as gate-insulator for the transistor (Figure 1c ). In this case, the drain current modulation and the transistor performance rely on the electric field established across the semiconductor-aqueous media interface. For these electrolyte-gated OTFTs (EGOTFTs) a capacitance is built up as charge is injected into the organic semiconductor (OSC) at the interface, to compensate for the charges stored within the Helmholtz layer of the electrolyte. The properties of this electric double layer interface, and the corresponding capacitance, are thus crucial to the transistor characteristics. It is attractive to anchor sensor receptors directly at the OFET channel, since the receptor reaction can cause modulation of the trap density, morphology, dipoles etc, thus causing control of the drain current.
Assuming that the bio-recognition element is located on the surface of the semiconductor, upon reaction with the analyte, the charge capacity and dynamics of the Helmholtz double-layer is expected to be modified; which should results in a variation of the static and/or dynamic transistor responses. The speed of EGOFETs gated via water is primarily dictated by the ion diffusion rate and concentration of the aqueous electrolyte. For OECTs the speed of operation is typically governed by ion migration within the bulk semiconductor and thus appears relatively slower than the EGOFETs [11] . One strategy to immobilize the bio-recognition element along the surface of the OSC channel surface is to utilize molecular anchors, such as carboxyl groups [24] [25] . Similar methods have been applied in EGOTFT-sensors in the past. In those cases the anchoring sites have either not been attached directly to the semiconductor or the mechanism of transistor actuation has been unclear.
The inclusion of anchoring sites on the semiconducting polymer may affect the mode of operation of the OTFT [11] . Previous studies on solid electrolyte gated OTFTs, i.e. using architectures not appropriate for sensors, indicate that the chemical nature of the semiconducting polymers is crucial since it affects the operation mechanisms. The EGOTFTs typically run either in a field-effect (OFET) [26] or an electrochemical (OECT) mode of operation P3CPT, [11] , i.e. current modulation is due either to charge polarization occurring along the aqueous analyte-semiconductor interface or chemical doping occurring within the bulk of the semiconductor channel.
Here, we investigate the impact of the bio-recognition anchoring groups on the mode of operation of EGOTFTs for bio-sensor applications. Three different polythiophene derivatives with various ratio of anchoring groups are compared: poly-(3-hexyl-thiophene) P3HT (Figure 2a ), poly-(3-carboxy-pentyl-thiphene) P3CPT (Figure 2b ) and a random co-polymer P3HT-co-Poly-(3-ethoxypentanoic acid-thiophene) (monomer ratio 1:6, i.e. ~15% -COOH side chain end groups, P3HT-COOH15 [27] [28] ) (Figure 2c ) are compared.
Experimental

Production of devices
The capacitor and transistor devices are fabricated according to the same process protocol; the only difference is the bottom metal electrode pattern. The top electrode of the capacitor stack is identical to the gate electrode of the transistors. Capacitor and transistor devices (see Figure 3 ) are fabricated on Si-wafers with a thick (10 000 Å) thermally grown oxide layer on top.
As the first process step, a thin attachment layer of Ti (50 Å) is vacuum evaporated on the oxide surface. Then, a 500 Å layer of Au is vacuum evaporated on top of the Ti attachment layer. The patterned Au electrodes are then generated using standard UV-photolithography (Suss MA/BA 6 mask and bond aligner and soda lime glass masks with patterned chromium from Delta Mask) followed by chemical wet etching (I/KI in H2O for Au and NH3/H2O2 in H2O for Ti etch). Electrode patterns for capacitors and transistors are generated, 1*1 mm 2 patterns for the capacitors and interdigitated electrodes with channel length (L) of 2 µm and width (W) of 2-10 mm for the transistors. P3HT is purchased from Sigma (electronic grade, 15000-45000 u) and P3CPT is purchased from Rieke (Item #4032, 55000-65000 u). The third polymer, P3HT-COOH15, is synthesized and provided by Université Paris Diderot (~18000 u random co-polymer) [27] Solutions of the polymers are prepared by dissolving P3HT in 1,2-dichlorobenzene (oDCB) at a concentration of 10 mg/ml, P3CPT in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/ml and the co-polymer, P3HT-COOH15, is dissolved in oDCB at a concentration of approximately 10 mg/ml. The polymers are deposited on the bottom-electrode substrates by spin coating the solutions at 3000 rpm for 90 s, in ambient atmosphere, with the substrates heated to 150 °C. After spin coating, the samples are vacuum-baked at 120 °C for 120 s followed by an annealing step at 120 °C in N2 for 20 min. A 7 µL droplet of deionized water, enough to cover the entire channel and the interdigitated bottom electrodes, is applied directly on top of the semiconductor surface. The Au-drain and -source electrodes extend into contact pads making electrical probing possible away from the water droplet.
Finally, a Au-foil stripe is applied to the top of the water droplet to serve as the gate. The gate stripe is immersed into the water droplet to make sure that the gate area, i.e. the contact area between the gate and the water droplet, is around 4 times larger than the area of the bottom drain and source electrodes. This configuration guarantees that the limiting capacitor is located at the water-OSC interface.
Capacitor characterization
The frequency dependence of the impedance of the capacitance stack is investigated 
Transistor output characteristics
The output characteristics of the transistors are recorded using a Kiethley 4200
Semiconductor Characterization System. This is done for six different, constant gate-source voltages ranging from 0 to -0.5 V while sweeping the drain-source voltage from 0 to -0.5 V. 
Characterization of the response speed in transistor devices
Results
Capacitor characterization
Capacitor structures are fabricated with a 1 mm 2 bottom Au electrode and are manufactured on the Si-wafer onto which the semiconductor is coated so that it covers the entire area of the bottom electrode. From ellipsometry, we find that the thicknesses of the semiconductor layers are 20 nm (P3HT) and 10 nm (P3CPT, P3HT-COOH15). A water droplet, large enough to overlap the entire bottom electrode area (approximately 7 µL), is then dispensed on top of the semiconductor surface. Finally, a flat Au foil, held in place by a probe holder, with the approximate dimension of 3*2 mm is immersed into the water droplet so that the electrode surface is in electrical contact with the droplet but not in direct contact with the semiconductor nor the bottom electrode.
Impedance characteristics for capacitor structures, including the three OSC, corresponding to the gate-water-OSC-source configuration is given in Figure 4 . We interpret and model the impedance 
Transistor output characteristics
Transistor structures (Figure 3 b) are identical to the capacitor structures reported above, with the only exception that the bottom electrodes are represented by interdigitated bottom Au source and drain electrodes corresponding to a channel length and width of 2 µm and 2-10 mm, respectively. Also, the Au foil, serving as the gate, is here slightly smaller (1*2 mm)
The transistor I-V characteristics were recorded by sweeping the drain-source voltage at a 170 mV/s rate and the gate-source voltage was incrementally (0.1 V) switched from 0 to -0.5 V.
For the different sets of IV curves ( Figure 6 ) a clear saturation in the ID vs. VDS curves can be observed for P3HT (a) and P3HT-COOH15 (b) with ID levels peaking at 3 to 4 μA.mm -1 , at VGS = -0.5 V. In the case of P3CPT no clear ID saturation is found and the drain current level that reaches beyond 100 μA.mm -1 at VGS = -0.5 V. There is a small ID hysteresis for P3HT as well as for P3HT-COOH15, with the reverse sweep current always being slightly lower than the forward one. This effect could be a result of bias stress, which for p-type transistors normally shifts the threshold voltage towards a more negative value [35] . For P3CPT, on the other hand, the current of the reverse sweep is relatively much larger as compared to the forward sweep. This indicates that accumulation of charges takes a long time to establish within and along the channel [11] . A drain current level of 1 to 10 μA.mm -1 is typical for a field-effect transistor, of similar dimensions as used here, which operates in the on-state and that includes a semiconductor with a mobility ranging from 0.01 to 0.1 cm 2 /Vs.
Characterization of the response speed in transistor devices through observation of transient behavior.
The transistor transient behavior (on/off switching) was examined by applying a step voltage to the gate electrode while recording the drain and gate currents as a function of time. P3HT and P3HT-COOH15 both exhibits a relatively fast turn on/off response as the gate is switched between 0 and -0.5 V (Figure 7a,b) . Especially, the off current level is swiftly reached as the transistor is turned off 
Discussion
From I-V measurements performed on the transistors, including the three different polymers, we observe much larger on-state drain currents for the transistor including the P3CPT material as compared to the devices including P3HT and P3HT-COOH15 as the semiconductor channel. Assuming a field-effect mode of operation we can make an estimate of the field effect mobility in the linear regime µlin using the data from the I-V curves. We assume that the maximum capacitance per unit area is Ci ≤ 100 µF/cm 2 (typical upper limit for Helmholtz layer capacitance). /Vs (P3CPT). Using a polar gate insulator in OFETs is known to typically yield a relatively lower field effect mobility, than otherwise attained using for instance a dielectric insulator, for disordered OSCs [36] . When comparing our extracted mobility values to similar devices, with undoped OSCs, that are gated through a polar insulator or via an electrolyte [11, 26, [36] [37] [38] [39] we find that the values extracted for P3HT and P3HT-COOH15 seem to agree to prior reported data. The relatively much higher mobility value extracted for P3CPT leads us to suspect that there might be a different operation mechanism for P3CPT-OTFTs than for the other two polymer OSCs.
If the OTFTs, including the three different OSCs, are operating through field-effect modulation, the on-to-off and the off-to-on switching time should agree with the time period it takes to establish the Helmholtz layer [40] or the time it takes to establish a conducting channel. Using deionized water as the gate medium we expect that the drain current transient characteristics should Finally it should be mentioned that, even though the characteristics of P3HT-COOH15 seem to be dominantly governed by a field effect mode of operation, i.e. not providing enough anion mobility into the semiconductor bulk to be dominated by an electrochemical mode of operation, some ion mobility within the bulk of the material should perhaps not be excluded. This would in turn render some actuation of the bulk electron transport through electrochemical doping possible. In that case however, the effect of such actuation is much smaller than the surface effect at the conditions presented in this work. In this study, we choose to apply pure water as the electrolyte, since it provides us with a well-defined electrolyte system, based on dissociated OH -and H3O + ions.
We believe that our findings are of importance for various kinds of electrolyte systems, such as those of biological and chemical applications.
Conclusions
The transistor characteristics as well as the impedance measurements performed on EGOTFTs, and their capacitor equivalent, point to the conclusion that P3HT and P3HT-COOH15 might be well suited as the semiconductor channel in OFETs gated through aqueous electrolyte. For P3CPT this does not seem to be the case as it appears susceptible to ion penetration and/or ion mobility within the bulk of the material. OTFTs gated through aqueous electrolyte with P3CPT as the semiconductor will thus be dominated by an electrochemical mode of operation including bulk doping thus separating channel charge conduction away from the aqueous interface. Through the collection of electrochemical, electrical and spectroscopic characterization protocols presented in this paper we have been able to determine that P3HT-COOH15 is a semiconductor channel material that exhibit field effect mode of operation. It also includes a relatively large density of anchoring sites for receptor molecules. This material is then a promising generic candidate in sensor transistors where the sensor reaction and signal transduction are both confined to the semiconductor-aqueous interface. ) there is a large, fast (on the order of < 1 s) response in Drain current when the Gate-Source voltage is switched on after which the change is relatively small even over long periods of time (on the order of 60 s). For P3CPT (c) the initial fast response is relatively small compared to the slow change which occurs over the long period of time. Note that the x-axes in (a) and (b) are cut to make the transient behavior in the fast switching more visible.
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